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PEROXYNITRITE (ONOO Ϫ ), A POTENT oxidant produced by the rapid reaction between nitric oxide (NO) and superoxide (O 2 Ϫ ), is formed in an inflammatory response and causes a variety of toxic effects, including lipid peroxidation and tyrosine nitration, on several biomolecules (13) . Activated macrophages are reported to synthesize a significant amount of ONOO Ϫ when both NO and O 2 Ϫ are simultaneously generated (16) . In vascular tissues, ONOO Ϫ may cause oxidant injury in endothelium (2) . In these tissues, NO and O 2 Ϫ themselves may react with other biomolecules, raising questions about their actual toxicities per se.
Little is known about the effects of NO, O 2 Ϫ , and ONOO Ϫ on bone-forming activity in osteoblasts. We have previously demonstrated that NO stimulates differentiation in primary osteoblasts (12) . In brief, the NO donor sodium nitroprusside (SNP) elevated alkaline phosphatase (ALPase) activity, osteocalcin gene expression, and cGMP production and reduced PGE 2 production. Furthermore, the lowering effect of ALPase activity by cytokines was not caused by cytokineinduced NO, but rather by another product. ALPase is a membrane-bound enzyme that is abundant in many tissues. A high level of ALPase is found in preosteoblasts in bones. From its pattern of gene expression, ALPase is known to be an early differentiation marker during the formation of bone (26) . Osteocalcin, which is synthesized by osteoblasts, is present in bone matrix and osteoblasts and is known to be a differentiation marker at a later stage (26) . Therefore, ALPase and osteocalcin are the most commonly used indexes of osteoblastic differentiation. Neither the production of O 2 Ϫ in osteoblasts nor the action of ONOO Ϫ on osteoblasts has been examined thus far. The purpose of the present study was to clarify the role of ONOO Ϫ in osteoblastic activity. Therefore, we have first examined the effects of ONOO Ϫ on ALPase activity as well as on osteocalcin gene expression, the most reliable indexes of osteoblastic differentiation, using both NO and O 2 Ϫ donors that produce ONOO Ϫ (12, 26) .
The proinflammatory cytokines, which include tumor necrosis factor-␣ (TNF-␣) and interleukin-1␤ (IL-1␤), are known to enhance bone resorption (4, 10, 20) . We have shown that the bone-resorbing effect of cytokines is not mediated via NO per se, despite the fact that cytokines induce the inducible nitric oxide synthase (iNOS) gene and actual NO production in mouse osteoblasts (12) . To analyze the role of NO, O 2 Ϫ , and ONOO Ϫ in cytokine-stimulated osteoblasts, we then studied whether these cytokines actually stimulate the simultaneous generation of NO and O 2 Ϫ and whether the generated NO and O 2 Ϫ may develop an even more toxic product, ONOO Ϫ , which would then modify osteoblastic differentiation.
MATERIALS AND METHODS
Cell culture. MC3T3-E1 mouse clonal osteogenic cells (a generous gift from Prof. S. Yamamoto, Oh-u University, Japan) were grown in ␣-MEM (GIBCO, Grand Island, NY) containing 10% fetal bovine serum (Bioserum, Victoria, Australia), penicillin, streptomycin, and amphotericin B (Sigma, St. Louis, MO). The medium was changed every 2-3 days.
Conditioned media used during the last 48 h of incubation were collected for the nitrate/nitrite assay. Cellular confluence was maintained throughout all treatment procedures.
Assays of nitrate/nitrite and ALPase in MC3T3-E1 cells. NO was measured as nitrate/nitrite products in the medium after 48 h of incubation with or without recombinant TNF-␣ (10 ng/ml, Dainippon Pharmaceutical, Tokyo, Japan) and/or IL-1␤ (10 ng/ml, Genzyme, Cambridge, MA). Nitrate in the sample was converted to nitrite with nitrate reductase and then measured by spectrophotometry after Griess reaction (11) . Nitrite levels were normalized by protein amount measured by Bradford's method (Bio-Rad Laboratories, Hercules, CA). The level of ALPase expression in bone tissues is closely associated with osteoblastic differentiation (12, 26 Reverse transcription-polymerase chain reaction. The osteocalcin message was detected with reverse transcriptionpolymerase chain reaction (RT-PCR). dNO in the presence or absence of Pgl and urate (Wako Pure Chemical Industries) was applied to osteoblasts for 48 h, total RNA was extracted, and the reverse-transcribed cDNA was severed for the template of PCR (12) . The primer sequences for the osteocalcin gene were (upper), 5ЈCCTCTCTCTGCTCACTCTGC (57-76) and (lower), 5ЈGGGCAGCACAGGTCCTAAAT (350-331). The annealing, elongating, and denaturing conditions for the PCR reaction were 55, 72, and 94°C, respectively, for a total of 35 cycles with an initial 9-min denaturation and an additional 7-min extension step at 72°C for osteocalcin. The reaction products were separated by gel electrophoresis and stained in ethidium bromide. In another experiment, TNF-␣ and IL-1␤ in the presence or absence of Cu, Zn-SOD (100 U/ml, Sigma) were applied to the osteoblasts for 48 h. Thereafter, the same procedure was performed for RT-PCR experiments.
Nitrotyrosine immunocytochemistry. MC3T3-E1 cells were incubated on 8-well chamber slides (LAB-TEK II, Nalge Nunc International, Naperville, IL). Medium, with or without cytokines, was exchanged and cultured for another 48 h. After fixation with an ethanol-acetone mixture, the cells were treated with anti-nitrotyrosine polyclonal rabbit antibody (Upstate Biotech, Lake Placid, NY) at room temperature for 3 h. The cells were then treated with the biotinylated goat anti-rabbit and the avidin-biotin peroxidase complex (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA).
The immunoproduct was visualized by 3,3Ј-diaminobenzidine, as described previously (18) , and photographed with a microscope (BH-2, Olympus, Tokyo, Japan). The level of staining intensity was measured by densitometry with a graphic software application (Adobe Photoshop, version 3, Adobe Systems, Mountain View, CA).
Statistics. All values are expressed as means Ϯ SE. Statistical differences between the values were examined by oneway ANOVA for multiple comparisons and then Fisher's test. The unpaired t-test was used to examine statistical differences between two groups. P values Ͻ0.05 were considered significant.
RESULTS

Effects of a NO donor on the expression of ALPase activity with or without O 2
Ϫ . The NO donor dNO was used to examine the direct effect of NO on osteoblasts (6). MC3T3-E1 cells treated with dNO for 48 h exhibited ALPase activity that increased in a concentrationdependent manner (Fig. 1 ). This result indicates that NO directly facilitates osteoblastic differentiation. dNO (10 Ϫ4 M) increased ALPase activity from the control level (308.4 Ϯ 11.1 nmol·min Ϫ1 ·mg protein Ϫ1 ) to 365.0 Ϯ 16.6 nmol · min Ϫ1 · mg protein Ϫ1 (Fig. 2) . The combination of dNO (10 Ϫ4 M) and the O 2 Ϫ donor Pgl [10 Ϫ4 M, (28)] reduced ALPase activity to 216.0 Ϯ 8.9 nmol · min Ϫ1 · mg protein Ϫ1 . The inhibitory effect of dNO plus Pgl was attenuated in the presence of the ONOO Ϫ scavenger urate [10 Ϫ4 M, (13, 28) ]. These results suggest that the ONOO Ϫ formed from NO and O 2 Ϫ counteracts the effect of NO alone on ALPase activity in osteoblasts.
Effects of a NO donor on osteocalcin gene expression with or without O 2
Ϫ . Osteocalcin mRNA was constitutively expressed in untreated MC3T3-E1 cells (Fig. 3) . A similar level of expression was observed in cells treated with dNO for 48 h. The gene expression was reduced when the cells were treated with a combination of dNO and Pgl (10 Ϫ4 M). The inhibitory effect of dNO plus Pgl was reversed by urate (10 Ϫ4 M), indicating that the ONOO Ϫ formed from NO and O 2 Ϫ inhibited osteocalcin gene expression in osteoblasts. 
Effects of cytokines on NO and O 2
Ϫ production and ALPase activity. Unstimulated MC3T3-E1 cells released a basal amount of NO detected as nitrate/nitrite (3.1 Ϯ 0.6 nmol/mg protein, Fig. 4A ). TNF-␣ (10 ng/ml) and IL-1␤ (10 ng/ml) increased NO production to 59.5 Ϯ 2.7 nmol/mg protein (P Ͻ 0.005 vs. control) and 123.4 Ϯ 4.5 nmol/mg protein (P Ͻ 0.0001 vs. control), respectively. Combined TNF-␣ and IL-1␤ markedly enhanced NO production to 432.2 Ϯ 29.9 nmol/mg protein (P Ͻ 0.0001 vs. control, TNF-␣ alone, or IL-1␤ alone), indicating the existence of a synergistic interaction between the two cytokines. This increased NO production was attenuated by N G -monomethyl-L-arginine (L-NMMA) (10 Ϫ4 M) pretreatment to 259.8 Ϯ 9.2 nmol/mg protein (P Ͻ 0.0001 vs. TNF-␣ ϩ IL-1␤, Fig. 4A ).
TNF-␣, IL-1␤, and combined TNF-␣ and IL-1␤ reduced ALPase activity in osteoblasts from the control level of 300.3 Ϯ 21.2 nmol · min Ϫ1 · mg protein Ϫ1 to 77.8 Ϯ 7.6, 73.5 Ϯ 3.6, and 47.7 Ϯ 2.0 nmol · min Ϫ1 ·mg protein Ϫ1 , respectively (Fig. 4B) . However, L-NMMA did not reverse the cytokine-induced ALPase reduction (52.1 Ϯ 1.5 nmol · min Ϫ1 · mg protein Ϫ1 ). The reduction in ALPase activity by cytokines exhibited a clear contrast with the increase in ALPase activity by dNO (Fig.  1) . Thus the decrease in ALPase activity caused by cytokines might not be due to the production of cytokineinduced NO, which is compatible with our previous findings in mouse primary osteoblasts (12) . O 2 Ϫ was not detected in MC3T3-E1 cells before stimulation by the cytokines (Fig. 5) . Administration of TNF-␣ (10 ng/ml) or IL-1␤ (10 ng/ml) alone did not stimulate the cells to produce O 2 Ϫ . Combined TNF-␣ and IL-1␤ induced a significant amount of O 2 Ϫ production (293.8 Ϯ 48.5 pmol · h Ϫ1 · well Ϫ1 , P Ͻ 0.0002). Any cytokine or NO/O 2 Ϫ donor at the concentrations used in this study did not affect cell viability with respect to cell number, trypan blue exclusion, and the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (data not shown).
Effects of SOD on cytokine-induced reduction of ALPase activity and osteocalcin gene expression. Cytokine treatment reduced ALPase activity from 301.7 Ϯ 7.3 to 68.7 Ϯ 1.6 nmol · min Ϫ1 · mg protein Ϫ1 (P Ͻ 0.0001, (Fig. 7) .
Immunodetection of ONOO Ϫ by use of anti-nitrotyrosine antibody. The action of ONOO Ϫ can be detected by the measurement of nitrotyrosine, which represents nitrosylation of cellular protein by ONOO Ϫ (3). Nitrotyrosine residues on protein are stable markers of ONOO Ϫ synthesis (3, 13). MC3T3-E1 cells showed weak nitrotyrosine expression without the addition of any chemical (Fig. 8) . The combined effect of NO and O 2 Ϫ produced by dNO and Pgl elevated the level of nitrotyrosine (Fig. 8) . These results directly indicate that the administration of NO and O 2 Ϫ produced ONOO Ϫ . TNF-␣ (10 ng/ml) or IL-1␤ (10 ng/ml) alone did not increase nitrotyrosine production (Fig. 9) , whereas combined TNF-␣ and IL-1␤ enhanced the production of nitrotyrosine. These data suggest that osteoblasts stimulated with TNF-␣ and IL-1␤ produce more ONOO Ϫ than untreated or single cytokine-treated cells.
DISCUSSION
NO has significant effects on bone metabolism (8) . We have previously demonstrated that NO directly facilitated osteoblastic differentiation and that it was not responsible for the cytokine-induced inhibition of osteoblastic activity in mouse primary culture (12) . What is the cause of the inhibition of osteoblastic activity, even though a sufficient amount of NO is formed in the presence of TNF-␣ and IL-1␤? In addition to NO, other more reactive and toxic substances may be formed in cytokine-stimulated osteoblasts, as presented in Fig.  10 . In this investigation, we found that ONOO Ϫ synthesized in cytokine-treated cells overcame the stimulatory effect of NO per se (12) on osteoblastic differentiation.
NO reacts with O 2 Ϫ to form the highly reactive intermediate ONOO Ϫ (2, 16, 24) . First, we examined the effects of ONOO Ϫ on osteoblastic differentiation by use of oxygen radical donors and the specific free radical scavengers. The simultaneous administration of an NO donor (dNO) and an O 2 Ϫ donor (Pgl) was found to produce ONOO Ϫ and inhibit osteoblastic differentiation (Figs. 2 and 3) without affecting cell viability. The inhibitory effects of the NO and O 2 Ϫ donors on osteoblastic differentiation were reversed by urate, a potent and selective ONOO Ϫ scavenger (13) . These results suggest that the ONOO Ϫ formed from NO and O 2 Ϫ inhibited the osteoblastic differentiation.
Proinflammatory cytokines enhance bone resorption (4, 10, 20) . IL-1␤ and IL-1␣ are the most powerful stimulators of bone resorption (14) . Two-to threefold inhibition of osteocalcin synthesis by TNF-␣ and IL-1␤ has been reported in osteoblasts (7, 25) . Reduced expression of the osteocalcin gene by TNF-␣ and IL-1␤ was observed in the present study (Fig. 7) . TNF-␣ and IL-1␤ have also reduced ALPase activity in osteoblasts (12, Fig. 4) . Therefore, these cytokines have an inhibitory effect on osteoblastic differentiation. Because ONOO Ϫ produced from NO and O 2 Ϫ has shown a suppressive effect on the differentiation of the cytokinetreated osteoblasts, the next step to be clarified is whether cytokine-stimulated osteoblasts actually produce both NO and O 2 Ϫ . TNF-␣ or IL-1␤ alone or their combination yielded NO production (Fig. 4) . In addition, the cytokine cotreatment also enhanced the production of O 2 Ϫ , although O 2 Ϫ was not detected on application of only one cytokine (Fig. 5) . Finally, we have verified that simultaneous generation of both NO and O 2 Ϫ by TNF-␣ and IL-1␤ leads to ONOO Ϫ formation (Fig. 8) . ONOO Ϫ formed from NO and O 2 Ϫ in these cells would nullify the stimulatory effect of NO and might even suppress osteoblastic differentiation.
There was no measurable restoration of ALPase activity by L-NMMA in the presence of cytokines. One reason that L-NMMA could not restore ALPase activity is that cytokine-induced O 2 Ϫ alone suppressed the enzyme activity. This was partly ascertained by the experiment with SOD in conjunction with cytokines. SOD modestly but significantly restored both ALPase activity and osteocalcin gene expression (Fig. 6) . However, the recovery of ALPase activity by SOD was not sufficient, suggesting that O 2 Ϫ synthesis alone may not fully explain cytokine-induced ALPase reduction.
The rate constant for ONOO Ϫ formation from NO and O 2 Ϫ is 6.7 ϫ 10 9 M Ϫ1 ·s Ϫ1 (21), whereas the rate constant for the scavenging of O 2 Ϫ by SOD is 2.5 ϫ 10 9 M Ϫ1 ·s Ϫ1 (21) . Therefore, the coexistence of NO and O 2 Ϫ produced by the cytokine stimulation could form some amount of ONOO Ϫ even in the presence of SOD (17, 27) . The produced ONOO Ϫ may participate in the reduction of ALPase activity much more than cytokine-induced O 2 Ϫ . Urate, an ONOO Ϫ scavenger, restored the cytokineinduced reduction of ALPase activity more markedly than SOD (Fig. 6) . A similar argument could also be made for a continued production of NO at a low level even after L-NMMA preincubation. O 2 Ϫ produced by the cytokine stimulation may react rapidly with NO, forming ONOO Ϫ even in the presence of L-NMMA, a competitive inhibitor of NOS activity. This would explain the reason that ALPase activity remains depressed even in the supposed absence of NO (Fig. 4) . Although the reduction of ALPase activity by cytokine cannot be fully explained by the action of ONOO Ϫ alone, most of the causes may be attributed to the effects of ONOO Ϫ production. Single cytokines produced NO and did not produce O 2 Ϫ (Figs. 4 and 5) . Without a superoxide source, single cytokine stimulation would not produce ONOO Ϫ , yet single cytokines could inhibit ALPase activity. There may be alternate sources of O 2 Ϫ , such as mitochondrial respiration (23) .
Damoulis and Hauschka (5) demonstrated that the NO donor S-nitroso-acetyl-penicillamine (SNAP) at a higher concentration (10 Ϫ3 M) evoked cell death in MC3T3-E1 cells after long-term culture Յ73 h. Because SNAP has a half-life of 5 h at pH 7 and 37°C (15) , NO produced by SNAP would affect cell viability in the first several hours of incubation. The concentration of SNAP they employed may be toxic or lethal to MC3T3-E1 cells. At the same time, dNO at a lower concentration and a longer half-life [40 h at pH 7.4 and 37°C, (6)] would be less harmful to the cells. In our study, NO produced from dNO at a submillimolar concentration could exert the biological effects during the entire incubation period. NO donors with a different half-life and concentration may cause the altered effects on osteoblasts. Damoulis and Hauschka have also shown that mouse TNF-␣ at 20 ng/ml combined with mouse IL-1␤ at 5 IU/ml produced NO and reduced cell viability, although mouse TNF-␣ at 1 ng/ml with IL-1␤ had no cytotoxic effect. As they mentioned, mouse TNF-␣ is more cytotoxic than human TNF-␣, and mouse TNF-␣ at 20 ng/ml has a cytotoxic effect independent of NO. In our investigation, human TNF-␣ at 10 ng/ml with human IL-1␤ at 10 ng/ml produced NO and reduced ALPase activity in osteoblasts, although it had no effect on cell viability (data not shown). Thus the action of TNF-␣ depends on the species and the concentration in the osteoblasts.
In a previous study, we were the first to demonstrate endothelial cell nitric oxide synthase (ecNOS) expression in osteoblasts (12) . The constitutive production of NO may regulate osteoblast growth (8) and contribute to bone formation by mechanical stimulation (9). Fox et al. (9) have reported that administration of L-NMMA prevented the increase in bone formation by mechanical stimulation and concluded that ecNOS was responsible for the NO production. NO produced by ecNOS would be a physiological mediator of estrogen action on bone (1, 19) . Estrogen deficiency might reduce the level of NO, ALPase production, and osteocalcin gene expression. Therefore, the physiological level of NO produced by ecNOS is expected to prevent the progress of osteoporosis. A large amount of O 2 Ϫ would not be formed under the condition where ecNOS constitutively produced NO. In contrast, under the inflammatory conditions, not only NO from iNOS but also O 2 Ϫ are produced by proinflammatory cytokines, as we demonstrated. In osteoarthritis, TNF-␣, IL-1␤, and iNOS were highly expressed in synovial cells (22) . The collaboration of these two cytokines may lead to ONOO Ϫ production, as is shown in the present report. Accordingly, ONOO Ϫ may be one of the most effective NO metabolites in cytokine-stimulated osteoblasts. In conclusion, ONOO Ϫ produced by TNF-␣ and IL-1␤, but not NO per se, would overcome the stimulatory effect of NO on osteoblastic activity and inhibit osteoblastic differentiation.
